There is a discontinuum of hereditary and acquired disorders of phosphate homeostasis that are caused by either high or low circulating levels of the novel phosphaturic hormone fibroblastic growth factor 23 (FGF23). Disorders that are caused by high circulating levels of FGF23 are characterized by hypophosphatemia, decreased production of 1,25-dihydroxyvitamin D, and rickets/osteomalacia. On the other end of the spectrum are disorders that are caused by low circulating levels of FGF23, which are characterized by hyperphosphatemia, elevated production of 1 
Fibroblast Growth Factor 23 Gene and Protein Structure
The fibroblast growth factor (FGF) family consists of 22 members with varied functions (2) . FGF23 is an approximately 32-kD (251 amino acids) protein with an N-terminal region that contains the FGF homology domain and a novel 71-amino acid C-terminus that was originally discovered by homology-based PCR screening of a mouse embryonic cDNA library (3). The FGF23 gene is located on Chr 12p13 and is phylogenetically grouped with FGF19 and 21 gene products (2, 3) , with which it has approximately 24% and approximately 22% amino acid identities, respectively. FGF23 principally acts as a phosphaturic factor and suppressor of 1␣-hydroxylase activity in the kidney (4, 5) , making it functionally distinct from other members of this family.
Tissue Expression and Function: Evidence for a Bone-Kidney Axis
FGF23 is predominately expressed in osteocytes in bone (6, 7) , but it is also expressed in pericyte-like cells that surround the venous sinuses in the bone marrow, in the ventrolateral thalamic nucleus, and in thymus and lymph nodes ( Figure 1 ). The relative contribution of these sites to circulating FGF23 levels is not known, but the high levels of expression in the osteocyte and that osteocytes are the most abundant cell in bone suggest that the serum levels of FGF23 are derived mainly from bone. In addition, the production of FGF23 by osteocytes, cells that are central to the regulation of osteoblast function and mineralization, likely has functional significance (8) . In this regard, osteocytes secrete sclerostin, an inhibitor of bone formation and the phosphaturic factor FGF23, as well as other gene products, such as phosphate-regulating endopeptidase homolog, X-linked (Phex), dentin matrix protein 1 (DMP1), and matrix extracellular phosphoglycoprotein (MEPE) , that regulate bone mineralization and FGF23 expression. Phex is a type I cell surface zinc metalloprotease that is involved in the regulation of FGF23 levels and is mutated in X-linked hypophosphatemic rickets (9) . Both DMP1 and MEPE are glycophosphoproteins that belong to the small integrin-binding ligand N-linked glycoprotein (SIBLING) family of proteins. MEPE and DMP1 are predominately expressed in bones and/or teeth, where they respectively inhibit and induce mineralization of extracellular matrix (10) . These associations suggest that osteocytes coordinate osteoblast-mediated bone formation with renal regulation of systemic phosphate homeostasis through the regulated expression of sclerostin, FGF23, and possibly other factors. These associations form the basis for the presence of a bone-kidney axis that coordinates bone mineralization and renal handling of phosphate and vitamin D metabolism ( Figure 2 ).
FGF23 Function

FGF Receptor Activation
FGF interact with one of a family of four FGF receptors (FGFR) that belong to type I transmembrane phosphotyrosine kinase receptors. Heparan sulfate proteoglycans (HSPG) act as a co-factor to form a ternary FGF:FGFR:HSPG-signaling complex that is required for receptor activation (11) . In vitro studies indicate that FGF23 can activate FGFR1c, 3c, and 4c (12, 13) . The physiologically relevant FGF23 receptor, however, remains unresolved. The prospect of a novel FGF23 receptor is supported by the observation that neither activation nor inactivation of known FGFR results in hypo-or hyperphosphatemia, a finding not expected if FGF23 actions are mediated through these receptors.
Klotho is a single-pass transmembrane protein with homology to ␤-glucuronidases that has recently been shown to be required for FGF23-mediated receptor activation (12, 14) . Mice that are deficient in Klotho have a phenotype almost identical to that of FGF23 null mice (15) , but additional findings indicate that FGF23-mediated receptor activation requires the co-factor Klotho, which seems to impart tissue specificity to FGF23 actions (12, 14) . Indeed, Klotho binds to multiple FGFR and increases their affinity to FGF23. Klotho-FGFR coexpression likely defines the tissue specificity of FGF23 effects (12, 14) . The coexpression of widely expressed FGFR with limited expressed Klotho implicates the kidney, parathyroid gland, pituitary gland, and choroid plexus as possible targets for FGF23. In contrast, the absence of Klotho in bone, lung, liver, skin, spleen, small intestines, and adrenal gland suggests that these tissues are not targets for FGF23 (15) . Indeed, recent studies in rodents have demonstrated that functional responses to the intravenous administration of recombinant FGF23 are limited to the kidney, parathyroid gland, and pituitary gland (12) . 
Mouse Models of FGF23 Excess and Deficiency
Knowledge of the function of FGF23 has been derived largely from mouse models with overexpression of FGF23. Either the administration of recombinant FGF23 or implantation of cells that overexpress FGF23 results in phosphaturia and hypophosphatemia (4). Transgenic mice that overexpress either wild-type or a mutant cleavage resistant form of FGF23 displayed decreased urinary phosphate reabsorption, hypophosphatemia, low serum 1,25-dihydroxyvitamin D [1,25(OH) 2 D] levels, and rickets and osteomalacia as well as hyperparathyroidism (16, 17) . In addition, Hyp mice, the mouse homologue of Xlinked hypophosphatemic rickets, and DMP1 null mice, a model of autosomal recessive hypophosphatemic rickets, have elevated circulating concentrations of FGF23 and phenotypic features that are similar to those of transgenic mice that overexpress FGF23 (7, 18) . These models provide important insights into regulation of FGF23 expression by Phex, the disease gene in XLH/Hyp and DMP1, an extracellular matrix protein, both of which are located in bone (see Regulation of FGF23).
Additional information regarding the role of FGF23 in phosphate and vitamin D metabolism has been derived from study of FGF23-deficient mice. Three FGF23 knockout mouse models have been created (7, 19, 20) , all of which are characterized by hyperphosphatemia as a result of increased renal phosphate reabsorption and elevated serum 1,25(OH) 2 D levels as a result of enhanced 1␣-OHase expression/activity, a phenotype opposite to that of mice that overexpress FGF23. In addition, FGF23 null mice have soft tissue calcifications, severe growth retardation, abnormalities of bone mineralization, a markedly shortened lifespan, and abnormalities of glucose metabolism. The phenotype of FGF23 null mice resembles that of patients with tumoral calcinosis, which is caused either by mutations of FGF23 that lead to decreased circulating FGF23 levels or by mutations in GALNT3, which encodes the glycosyltransferase UDP-N-acetyl-␣-d-galactosamine:polypeptide N-acetylgalactosaminyl transferase 3 (ppGalNacT3) that is responsible for initiating O-glycosylation and stability of FGF23 (21) . The phenotype of FGF23 null mice also resembles that of Klotho null mice, which also are characterized hyperphosphatemia, elevated 1,25(OH) 2 D, early mortality, and soft tissue calcifications (15) . Klotho null mice, however, have elevated FGF23 levels, and 1,25(OH) 2 D induces the expression of Klotho in the kidney (22) . This finding, along with in vitro data showing that Klotho is an essential co-factor for FGF23 activation of FGFR, suggests that the Klotho null mouse represents, at least in part, a model of end-organ insensitivity to FGF23.
Additional abnormalities are observed in association with FGF23 excess and deficiency, such as rickets/osteomalacia, abnormalities in glucose homeostasis, growth retardation, abnormalities in thymic function, and age-related changes (7, 19, 20) . It is uncertain whether these changes are due to changes in serum phosphate or alterations in vitamin D metabolism rather than direct effects of FGF23 on additional tissues. At present, how- Figure 2 . The bone-kidney axis. In this model, osteocytes in bone are the principal cells that coordinate the mineralization process with renal handling of phosphate. Osteocytes secrete FGF23 and sclerostin (SOST), matrix extracellular phosphoglycoprotein (MEPE), and dentin matrix protein 1 (DMP1) and express Phex. FGF23 targets organs, particularly the kidney, via an FGF receptor:Klotho complex that inhibits sodium-dependent phosphate uptake and 1␣-hydroxylase activity by a mechanism that remains to be elucidated. In addition, SOST inhibits osteoblastic function by disrupting Wnt and bone morphogenic protein (BMP) signals that regulate osteoblast-mediated bone formation. Also, the extracellular matrix proteins DMP1 and MEPE respectively positively and negatively regulate the process of extracellular matrix mineralization. Inhibition of bone formation would be associated with decreased phosphate buffering capacity of bone and require increased FGF23-mediated phosphaturia, whereas accelerated bone formation and increased bone phosphate utilization would be associated with suppressed FGF23 and renal phosphate retention to meet the need for bone mineralization. 1,25-dihydroxyvitamin D, 1,25(OH) 2 D; PTH, parathyroid hormone.
ever, it seems that many abnormalities that are associated with FGF23 deficiency, particularly those that are associated with bone, pancreas, and thymus, represent secondary effects of elevated 1,25(OH) 2 D as a result of loss of FGF23 effects on the kidney rather than direct effects of FGF23 on these organs. In this regard, hyperphosphatemia, soft tissue calcifications, and survival in FGF23 null mice are improved either by dietary phosphate restriction or by correcting excessive actions of 1,25(OH) 2 D either by superimposed nutritional vitamin D deficiency or by ablation of the vitamin D receptor or 1␣-hydroxylase gene in FGF23 null mice (23) (24) (25) . Knowledge of the separate functions of FGF23 is derived from understanding the distribution of the Klotho:FGFR complex (see previous paragraph) and organ-specific actions of FGF23 derived from in vitro and in vivo studies (12, 14) .
Tissue-Specific FGF23 Functions
Knowledge of the tissue-specific functions of FGF23 is derived from knowledge of the distribution of the Klotho:FGFR complex (see the previous section) and empiric in vitro and in vivo studies demonstrating the cell type-and organ-specific actions of FGF23 (12, 14) . On the basis of these data, FGF23 seems to target the kidney, parathyroid gland, choroid plexus, and possibly the pituitary gland (26) .
Kidney
The kidney is the principal target for FGF23, and the major function of this hormone is to regulate phosphate reabsorption and production of 1,25(OH) 2 D (4,19). FGF23 inhibits both sodium-dependent phosphate reabsorption and 1␣-hydroxylase activity in the proximal tubule, leading to hypophosphatemia and aberrant production and inappropriately low levels of 1,25(OH) 2 D. In contrast, deficiency of FGF23 in mouse models results in the opposite renal phenotype that consists of hyperphosphatemia and elevated production of 1,25(OH) 2 D (7, 19, 24, 27, 28) . FGF23-induced changes in NaPi2a and 1␣OHase expression are independent of the 1,25(OH) 2 D/vitamin D receptor system (29) . However, the precise segments of the kidney and receptors that mediate the renal response to FGF23 are not entirely clear. Ex vivo studies of proximal tubular segments or cell lines derived from the proximal tubule have produced variable results of FGF23-mediated inhibition of sodium-dependent phosphate transport (4,30). The highest expression of Klotho:FGFR complexes is in the distal tubule (26), whereas the major biologic effects of FGF23 are in the proximal tubule. Either low levels of Klotho:FGFR in the proximal tubule are sufficient for FGF23 effects, or FGF23 actions on the proximal tubule may be indirect, possibly through FGF23 stimulation of the distal tubule and release of paracrine factors that regulate proximal tubule function.
Parathyroid Gland
The parathyroid gland is another target for FGF23. Not only are Klotho and FGFR coexpressed in parathyroid glands (15, 26) , but also mouse models with elevated FGF23 levels consistently manifest elevated circulating levels of PTH. Although FGF23-mediated reductions in 1,25(OH) 2 D production confound interpretation of an association between FGF23 and hyperparathyroidism, additional studies indicate that the acute administration of recombinant FGF23 results in increments in early response gene expression in parathyroid tissue in mice (12) . Moreover, there is a strong association between elevated FGF23 levels and the severity of hyperparathyroidism in chronic kidney disease (CKD). It is also tempting to speculate that FGF23 may also mediate some of the effects of hyperphosphatemia on the increase in parathyroid gland function that are observed in patients with CKD. Further studies are needed to define the effects of FGF23 on parathyroid hormone (PTH) production and secretion and parathyroid cell proliferation.
Other Organs
Another potential target of FGF23 is the choroids plexus in the brain. The function of FGF23 is completely unexplored. However, FGF23 is produced in the ventrolateral thalamic nucleus, and the choroids plexus express Klotho and FGFR as well as the sodium-dependent phosphate transporter. Because there is a gradient for phosphate between the cerebral spinal fluid (CSF) and serum (being significantly lower in the CSF than in serum), it is tempting to speculate that FGF23 may also regulate CSF phosphate concentrations.
FGF23 effects on pituitary are less certain. FGF23 seems to target the pituitary gland as evidenced by the upregulation of early response gene expression in response to acute FGF23 administration to mice. However, expression of the Klotho: FGFR complex that is thought to mediate FGF23 tissue-specific effects has not been unequivocally established to be present in the pituitary gland. Also, despite severe growth retardation in FGF23 null mice, specific abnormalities of growth hormone secretion or other abnormalities of pituitary function have not been documented.
Direct action of FGF23 on bone is unsubstantiated. Because Klotho, which is required for FGF23 actions, is not expressed in bone, the observed changes in bone in states of high and low FGF23 seem to be secondary to changes in serum phosphate and 1,25(OH) 2 D levels.
Regulation of FGF23
Both transcriptional and posttranslational mechanisms regulate circulating FGF23 levels. FGF23 gene transcription has been studied using the FGF23 promoter in vitro and in an FGF23 promoter-reporter mouse model created by substituting green fluorescence protein for exon 1. Both systemic factors and local bone-derived factors seem to regulate FGF23 promoter activity (31) . In this regard, circulating FGF23 levels are regulated by phosphate (32) and 1,25(OH) 2 D (31) as well as by the Phex endopeptidase located in osteocytes (7) and the SIBLING extracellular matrix proteins DMP1 (18, 33) and MEPE (34) . Phosphate loading in mice increases FGF23 levels (32) , although the data in humans are conflicting (35) (36) (37) . The administration of 1,25(OH) 2 D increases and disruption of the 1,25(OH) 2 D pathway reduces circulating FGF23 in mice (31, 32) . FGF23 levels are also elevated in renal failure (36, 38, 39) , and the degree of elevation correlates with the degree of hyperphosphatemia (39). The targeted deletion of DMP1 increases FGF23 expression in osteocytes, leading to increased circulating levels (18) . In contrast, MEPE administration causes phosphaturia, possibly by increasing FGF23 levels (34, 40) . In activating mutations of Phex, an endopeptidase that is located in osteocytes also results in increased transcription of FGF23 and elevated circulating levels (7) . Recently, an unidentified chondrocyte-derived factor was shown to inhibit FGF23 transcription (41) .
The evaluation of FGF23 promoter-reporter mice has confirmed that the osteocyte is the principal site of FGF23 gene transcription. Regarding systemic factors, only 1,25(OH) 2 D has been shown to stimulate directly dosage-dependent increases in FGF23 promoter activity in osteoblasts through a vitamin D-responsive element. Calcium, phosphate, and PTH failed to stimulate FGF23 mRNA levels or FGF23 promoter activity in osteoblast cultures, but these factors have variably been associated with increased circulating FGF23 levels.
Bone-derived factors also regulate FGF23 expression. These include Phex, a cell-surface endopeptidase that co-localizes with FGF23 in osteocytes, and the extracellular matrix proteins DMP1 and MEPE. Both mutations in Phex and DMP1 increase the transcription of FGF23 in osteocytes, but the mechanism whereby Phex and DMP1 regulate FGF23 gene transcription is not clear. It is presumed that an unidentified Phex substrate accumulates as the result of inactivating Phex mutations and that this substrate stimulates FGF23 promoter activity. However, the precise temporal and spatial expression of Phex may be important as evidence by the paradox that deletion of Phex from osteocytes causes increased FGF23 levels, but the restoration of Phex expression in transgenic mice using heterologous promoters fails to rescue the elevated FGF23 expression (42) (43) (44) .
Regardless, MEPE also seems to regulate FGF23 indirectly through actions to inhibit Phex. More recently, a chondrocyte inhibitor of FGF23 transcription was reported, but the molecular identity of this putative factor has not been defined (41) . This local regulation may contribute to the involvement of FGF23 in a bone-kidney axis (see Bone-Kidney Axis).
Proteolytic processing of FGF23 may also play an important role in regulating its biologic activity. FGF23 is cleaved between arg179 and ser180, and this processing abolishes biologic activity. The RXXR is a conserved furin-like cleavage site. The biologic importance of this is demonstrated by point mutations of this site that results in cleavage-resistant FGF23 and elevated circulating levels of FGF23 in autosomal dominant hypophosphatemic rickets (see Diseases of FGF23 Excess). However, the exact member of the furin proprotein convertase that cleaves FGF23 and the physiologic regulation of cleavage have not been evaluated. In addition, there is an O-linked glycosylation site at Thr178 that also regulates FGF23 degradation. Mutations in UDP-N-acetyl-␣-d-galactosamine-polypeptide N-acetylgalactosaminyltransferase 3 (GALNT3) gene results in reduced FGF23 processing also causes tumoral calcinosis. Consequently, the respective role of local or systemic posttranslational proteolytic processing of FGF23 has not been established.
Although the initial study suggested that Phex processes FGF23 (45), subsequent studies have failed to prove that Phex mediates the processing of FGF23 (6,46,47) . Rather, Phex deficiency leads to increased transcription of FGF23 in osteocytes. In addition, recent studies suggest that MEPE may also increase FGF23 expression through binding to and inhibiting Phex (34) .
Systems Biology
Understanding the function and regulation of FGF23 is leading to new insights into bone and kidney physiology. From a systems biology perspective, FGF23 seems to function as a vitamin D counterregulatory hormone, the primary "phosphaturic" hormone, and in a bone-kidney axis to coordinate the renal phosphate handling and bone mineralization. 
Vitamin D Counterregulatory Hormone
Role in Maintenance of Serum Phosphate Levels
The PTH-vitamin D axis is a well understood hormonal system that is designed to maintain serum calcium. In this axis, PTH is the principal calcemic hormone that targets the kidney to increase renal conservation of calcium and to increase 1,25(OH) 2 D production that in turn targets the small intestines to increase gastrointestinal calcium as well as phosphate absorption. PTH has a secondary phosphaturic effect to excrete the additional phosphate absorbed from the gastrointestinal tract. Extracellular calcium acts through the calcium receptor in the parathyroid gland to control PTH secretion and production, thereby creating a mechanism to control PTH levels in response to changes in serum calcium. The FGF23 seems to be the principal "phosphaturic" hormone that maintains serum phosphate levels in the normal range. FGF23 excess causes hypophosphatemia and impaired 1,25(OH) 2 D production, whereas FGF23 deficiency causes hyperphosphatemia and elevated 1,25(OH) 2 D production. FGF23 may directly regulate parathyroid gland function as evidenced by the presence of Klotho:FGFR complexes in the parathyroid gland and effects of FGF23 administration to regulate parathyroid gland expression (48) . Also, elevations of FGF23 in Hyp (6, 7, 49) and DMP1 null mice (18) and ablation of FGF23 in FGF23 null mice (7) are respectively associated with increased and decreased PTH levels, although these observations are confounded by concomitant changes in serum 1,25(OH) 2 D levels, which can also regulate parathyroid gland function (50) .
Further studies will be needed to confirm the importance of potential direct effects of FGF23 on parathyroid gland function.
The mechanism whereby phosphate regulates FGF23 production has not been defined. A phosphate sensor that controls FGF23 production has not been identified, and extracellular phosphate has not been shown to regulate FGF23 gene transcription in osteoblast cultures, raising the possibility that phosphate effects on FGF23 production might be indirect. In addition to its role in normal phosphate homeostasis, FGF23 seems to be important in maintenance of serum phosphate levels in advancing renal failure. Circulating FGF23 increases as a function of decreased GFR and would be expected to work in concert with elevations of PTH to promote phosphaturia. It is interesting that FGF23 would oppose PTH stimulation of 1␣-hydroxylase activity during progression of renal failure. The consequent reduction in 1,25(OH) 2 D levels, in turn, would protect against hyperphosphatemia by limiting gastrointestinal phosphate absorption. In addition, phosphate regulation of FGF23 might explain the observation that dietary phosphate restriction increases 1,25(OH) 2 D levels in CKD. The ability of FGF23 to act as a phosphaturic hormone, suppressor of 1,25(OH) 2 D production, and a stimulator of PTH production defines a new hormonal cascade that coordinates various organ systems (e.g., kidney and parathyroid gland) to protect the body from hyperphosphatemia (31,32,51-54).
Bone-Kidney Axis
A very interesting feature of FGF23 is its production by osteocytes in bone and its regulation by Phex, which is coexpressed in osteocytes, and extracellular matrix proteins DMP1 and MEPE, which are important regulators of bone mineralization. The presence of a phosphaturic factor in bone and the importance of phosphate in the mineralization process suggest that FGF23 may also function to coordinate renal phosphate conservation to meet the need for bone mineralization (31, 55, 56) . In this regard, MEPE or its acidic serine-asparte-rich MEPE-associated motif (ASARM) proteolytic fragment inhibits mineralization (34, 40) and stimulates FGF23 production through actions of MEPE to inhibit Phex (34). The resulting phosphaturic effect increases phosphate excretion in proportion to the decrease in mineralized bone formation. In contrast, DMP1 deficiency results in impaired bone mineralization, as a result of the loss of the mineralization-promoting effects of this extracellular matrix protein (18) . The increase in FGF23 production by osteocytes in DMP1 deficiency increases phosphate excretion by the kidneys to match the decrease in mineralization of bone. Because osteocytes also regulate osteoblast-mediated bone formation through production of sclerostin (57), these cells are optimal for coexpressing the phosphaturic hormone FGF23 to coordinate renal phosphate handling to match osteoblast-mediated bone formation. There is little evidence for a direct effect of FGF23 on bone itself. The rickets and osteomalacia that are observed in states of FGF23 excess seem to be due to the hypophosphatemia, whereas the abnormalities in bone described in the FGF23 null mouse model was recently attributed to the excess 1,25(OH) 2 D levels (24). The absence of Klotho expression in bone also is consistent with the lack of direct effects of FGF23 on bone mineralization (15) . Unequivocal proof of this bone-kidney axis will require further studies.
Diseases of FGF23 Excess
Hereditary Disorders
Several hereditary hypophosphatemic disorders are caused by excessive circulating levels of FGF23 (Table 1) . These include autosomal dominant (ADHR; MIM193100), autosomal recessive (ARHR; MIM241520), and X-linked (XLH; MIM307800) 
Sporadic/Acquired Disorders
McCune-Albright syndrome (MIM174800), also called polyostotic fibrous dysplasia, is caused by a mosaicism for postzygotic activating mutations in the GNAS1 gene that leads to variable clinical characteristics, including polyostotic fibrous dysplasia; pigment patches of the skin; and endocrinologic abnormalities, including precocious puberty, thyrotoxicosis, pituitary gigantism, and Cushing syndrome, that depend on the tissue location of the mutation. Approximately 50% of these patients have hypophosphatemia as a result of renal phosphate wasting and rickets/osteomalacia. In these patients, the fibrodysplastic tissues express FGF23, and the appearance of hypophosphatemia and elevated circulating FGF23 levels depends on the disease burden (58 -60) .
Tumor-induced osteomalacia (TIO), or oncogenic osteomalacia, is a paraneoplastic syndrome of renal phosphate wasting, aberrant vitamin D metabolism, and osteomalacia. Because elevated FGF23 levels are associated with TIO and removal of the tumor results in normalization of FGF23 levels and because the inhibition of renal phosphate transport and 1␣-hydroxylase activities are known biologic effects of FGF23, it is likely that TIO is caused by production of FGF23 by the tumor. These tumors tend to be of mesenchymal origin and have a propensity for localization in the craniofacial region and long bones. 111-Pentetreotide scintigraphy (octreotide scanning) may be useful in detecting tumors that are positive for somatostatin receptors. Mixed connective tissue-type mesenchymal tumors that are characterized by an admixture of spindle cells, osteoclast-like giant cells, prominent blood vessels, cartilage-like matrix, and metaplastic bone are the most common histologic type. Other genes have been implicated in TIO, including MEPE, secreted frizzled-related protein 4 (sFRP4) (61) , and FGF7 (62) . Whereas MEPE is an extracellular matrix protein that inhibits mineralization, loss of MEPE does not affect serum phosphate levels. Rather, MEPE was recently shown to interact with and inhibit Phex and could indirectly cause phosphaturia by increasing FGF23 levels (34) . The roles of sFRP4 and FGF7 remain to be elucidated.
Linear sebaceous, or epidermal nevus, syndrome is a rare a group of congenital syndromes that comprise epidermal nevi in conjunction with central nervous system, ocular, musculoskeletal, and other organ anomalies. Although the cause of epidermal nevus syndrome is unknown, recent studies have revealed a mosaicism of activating FGFR3 mutations in the human epidermis of approximately one third of patients with epidermal nevi. A subset of these patients have ipsilateral focal bone disease associated with hypophosphatemic rickets, elevated circulating FGF23 levels, and aberrant 1,25(OH) 2 D levels, similar to other syndromes that are caused by elevated FGF23. Treatment with the somatostatin agonist octreotide and excision of the nevus have been reported to normalize FGF23 (63) (64) (65) .
Circulating levels of FGF23 are increased in end-stage renal failure and correlate with the degree of hyperphosphatemia (39) . The precise mechanism and site of increased FGF23 levels have not been evaluated in renal failure models. It is possible that both increased production and decreased metabolism or clearance of FGF23 contributes to elevated levels of FGF23 in CKD. Although no studies have yet documented increased production of FGF23, the correlation of FGF23 levels with decreasing GFR and the rapid decrease in FGF23 levels in some patients after renal transplantation suggest that FGF23 is cleared by the kidney (36, 66) . FGF23 levels increase early in the development of CKD (67) ; in the setting of residual renal function, this likely contributes to maintenance of normal serum phosphate levels by working in concert with increased PTH to decrease renal phosphate reabsorption. In ESRD, in which the principal target of FGF23, the kidney, is no longer responsive to FGF23, the function of elevated FGF23 levels is not known. In light of the fact that vitamin D is a potent regulator of FGF23 gene transcription, the use of high-dosage vitamin D analogues to treat hyperparathyroidism in CKD might be expected to increase FGF23 levels further. At sites where Klotho:FGFR are coexpressed, such as the parathyroid and choroids plexus and possibly pituitary glands, effects of elevated FGF23 might be expected in ESRD. With regard to the parathyroid gland, elevated FGF23 levels have been associated with refractory hyperparathyroidism. There are no data regarding FGF23 effects on the choroids plexus or pituitary gland in ESRD, although future studies to investigate the effect of FGF23 on cognitive dysfunction and growth retardation in ESRD seem warranted. Finally, increased FGF23 levels can persist after restoration of kidney function by renal transplantation. Elevated FGF23 may explain some instances of associated hypophosphatemia after kidney transplantation, especially in the absence of elevated PTH and suppression of 1,25(OH) 2 D levels (66, 68, 69) .
Diseases of FGF23 Deficiency
FGF23 can be detected in the circulation of normal individuals, suggesting that this hormone is necessary to maintain phosphate homeostasis. Diseases that are caused by reductions in FGF23 levels further support the essential role of FGF23 in regulation of serum phosphate and circulating 1,25(OH) 2 D levels.
Hereditary Disorders
Hyperphosphatemic familial tumoral calcinosis (HFTC; MIM211900) is a rare autosomal recessive disorder that is characterized by low bioactive circulating FGF23 levels that lead to hyperphosphatemia, normal or elevated 1,25(OH) 2 D levels, and soft tissue calcifications, typically massive lobulated periarticular calcifications levels (21,28,70 -74) . Tumoral calcinosis is caused by biallelic mutations of the genes that encode either FGF23 (28, 70) or GalNAc transferase 3 (GALNT3) (21, (71) (72) (73) (74) . These mutations alter FGF23 metabolism. Missense mutations in FGF23 have been shown to result in failure to secrete the intact protein that seems to be retained in the Golgi complex. Both null mutations of GLANT3 and missense mutations in the glycosyl transferase domain of the GALNT3 gene also cause tumoral calcinosis. These mutations destabilize FGF23 and/or impair its secretion, resulting in low-normal intact serum FGF23 levels but high levels of biologically inactive C-terminal FGF23 fragments.
Acquired Disorders
Uremic tumoral calcinosis is an acquired disorder that is characterized by ectopic calcification especially around large joints, hyperphosphatemia, and elevated serum 1,25(OH) 2 D level. The coexistence of granulomatous disease with the ectopic production of 1,25(OH) 2 D levels and consequent hyperphosphatemia may explain some of the cases of uremic tumoral calcinosis (75, 76) . In contrast to hereditary tumoral calcinosis, elevated FGF23 levels are present in ESRD. The increased FGF23 cannot function on the kidney to regulate ether serum phosphate or 1,25(OH) 2 D production. Because Klotho production by the kidney is also reduced in ESRD, Klotho deficiency might also contribute to development of uremic tumoral calcinosis by inducing end-organ resistance to FGF23. Low serum levels of Klotho cannot be demonstrated in ESRD because of technical problems related to measurements. Severe elevations of PTH that lead to increased Ca ϫ P are also associated with uremic tumoral calcinosis, and marked improvement has been reported after parathyroidectomy and lowering for calciumphosphate product (77) .
Diagnosis and Treatment of Hypophosphatemic and Hyperphosphatemic Disorders: Implications of FGF23
There are three ELISA assays for measuring circulating FGF23, one C-terminal assay (Immunotopics C-terminal assay, Carlsbad, CA) and two intact (Immunotopics Intact and Kainos Intact assays) (78) . In patients with TIO and documented tumors, the Kainos intact assay (Kainos Laboratories Inc., Tokyo, Japan) has greater sensitivity compared with the Immunotopics C-terminal and intact assays (100 versus 92 and 38%, respectively).
The availability of assays for assessing intact FGF23 should be useful in diagnosing hypophosphatemic disorders, whereas the C-terminal assay in combination with the intact assay may be useful in diagnosis of tumoral calcinosis. Indeed, the biochemical profile of low serum phosphate, low or inappropriately normal serum 1,25(OH) 2 D levels, mild elevations of PTH, and marked elevations of FGF23 represents a primary effect of excessive circulation FGF23 and should allow the diagnosis of FGF23-mediated hypophosphatemia. However, high serum phosphate, elevated 1,25(OH) 2 D, increased calcium, and suppressed PTH along with low intact FGF23 and high C-terminal values for FGF23 should define tumoral calcinosis. The utility of measuring FGF23 levels in patients with CKD stages III through V is not certain. Greater knowledge regarding the biologic effects of elevated FGF23 and whether elevated levels result in toxic or salutary effects is necessary to understand better whether efforts to normalize FGF23 levels are desirable. The exception to this may be in patients with hypophosphatemia after renal transplantation, in whom measurement of intact PTH and FGF23 levels should be able to discriminate between PTH-and FGF23-mediated hypophosphatemia (66, 68, 69) .
Knowledge of the regulation of FGF23 by phosphate and vitamin D and its mechanism of action to inhibit phosphate reabsorption and suppress 1,25(OH) 2 D levels in the proximal tubule could also have an impact on treatment of hypophosphatemic disorders. The current treatments for XLH, ADHR, and ARHR are based on empiric observations that combined administration of phosphate and calcitriol results in healing of the rickets/osteomalacia and increments in serum phosphate compared with the administration of phosphate alone. Despite oral phosphate and 1,25(OH) 2 D treatment, many patients have suboptimal growth and bone healing, and this treatment also seems to result in secondary hyperparathyroidism and soft tissue calcifications, particularly nephrocalcinosis (79, 80) . Given what we now know about regulation of FGF23, the current treatment of XLH may need to be reexamined. In particular, there is the potential for phosphate and vitamin D therapy to increase FGF23 levels further in these hereditary hypophosphatemic disorders (81) . In support of this, preliminary studies suggest that FGF23 levels are higher in treated compared with nontreated patients with XLH (81). Regardless, new therapeutic agents that target FGF23 transcription and/or degradation to either raise or lower circulating FGF23 levels, as well as recombinant FGF23 or FGF23 blocking antibodies, might have utility in managing disorders with low and elevated FGF23 levels.
